Abstract-High-K ceramics are embedded into a polymer host to create an electromagnetic bandgap (EBG) substrate that possess superior properties to previous bandgap implementations in terms of stopband width, attenuation per layer, and practicality. Ceramics are periodically spaced in a commercially-available, Teflon-based host to create a bandgap that spans from 12.1 to 24.1 GHz. Miniature dielectric rods were created in a separate extrusion process, and then placed in a square lattice in a substrate to create the periodic composite. As an application of the material, a defect resonator was created at 20.41 GHz and a Q of 760 was measured.
I. INTRODUCTION

M
ATERIALS that possess unique macroscopic properties due to finer scale repetition have been recently termed Metamaterials. This amorphous term encompasses many different research topics, one of which is periodic, composite dielectrics. The periodic dielectrics may be used in two regimes, the effective medium regime in which the periodicity is small relative to the wavelength, or in the regime where the period is an appreciable amount of the wavelength and constructive and destructive interference occurs. This latter scenario, where the periodic spacings are an appreciable amount of the wavelength, gives rise to electromagnetic bandgaps (EBGs), also previously called photonic bandgaps (PBGs). The EBG is a material in which periodic inclusions inhibit wave propagation due to destructive interference from scattering from the periodic repetition. Propagation through a periodic lattice was seminally discussed by Brillouin [1] , though he cites periodic structures and band diagrams for waves dating even back to Kelvin at the turn of the 20th century. Periodic structure research was much later reintroduced by Yablonovitch [2] with a new perspective focusing on the inhibition of field propagation from a source embedded inside the material. The newer work recast the problem and redefined much of the focus of the periodic structure research. Much of the newer periodic structure research has utilized Yablonovitch's perspective to show that two-dimensional (2-D) and 3-D periodic structures can inhibit 2-and 3-D waves.
Since the periodic structure research has been refocused, the EBG materials have been shown to have many novel proper- ties. One of these properties is the ability to contain energy in a disturbance, or defect, in the periodic lattice, creating a resonance. This resonance has been shown to have a relatively high-due to the ability to contain energy in two dimensions using only dielectric materials [3] . If the electric field is parallel with the length of the 2-D inclusion, the most readily available and widest bandgap is that presented by a high dielectric constant inclusion in a low dielectric constant host material [4] . Most previous implementations have utilized a composite in which the host for high-dielectric materials is air [5] . For reduced height structures, this has led to numerous problems. First, and most obvious, is the fact that the air based composite must have some support associated with each of the inclusions. The supports have been found to decrease the effectiveness of the bandgap, both in bandwidth and in attenuation. Second, the air composites are not substrates in the sense that they cannot be metallized to create a circuit. A means to solve these problems is to create a bulk composite in which the host is a polymer based low-dielectric constant material with periodic inclusions of high-dielectric constant ceramic material. To this end we have attempted to analyze and create a composite using high dielectric constant materials, Titania ( 90 in the form utilized in this research), in the commercially available Teflon based Rogers Duroid 5880, ( 2.2). Where relevant, the electrical performance of this composite material will be compared with the bandgap properties of the previously realized air-based composites.
For the 2-D composite structures, the bandgap material has been utilized in a parallel plate. This enforces polarization and spatial variations such that the classical 2-D bandgap calculations are valid. The calculations described by the traditional formulations are valid in the parallel plate [4] , [6] , and are the subject of Section II. Next, the specific loss mechanisms of the resonator created from the structure is analyzed. Subsequently, the fabrication of the prototype is discussed, focusing on the formation of low-loss high-cylindrical dielectric rod inclusions. In the following section, measurement and simulation of a defect resonator created from the Duroid/Titania material is shown to verify the design and show the resonator performance.
II. BANDGAP CALCULATIONS
A. Analytical Solution
As stated in Section I, periodic structures have unique characteristics associated with them. These composites are traditionally characterized by the dispersion diagram. A convenient way to create the dispersion diagram is to expand the fields and the dielectric constant of the material utilizing their periodic nature.
The first step of the method is to expand one of the field components using Floquet's theorem where . The wave equation is then cast into -space by integrating both sides by orthogonal functions over a single period.
(1.5) where represents a convolution between the Fourier coefficients for the material and the electric field. This is the characteristic equation from which the dispersion diagram is created. The assumptions that are utilized to create this characterization equation are that 0 and that the field is polarized along the length of the periodic rods. These assumptions are only valid inside the lowest order of a parallel plate or in the far field of a properly oriented antenna. For reasonably sized microwave structures, the preceding case, the parallel plate, is the relevant implementation since it results in a reduced height substrate.
The characteristic equation is scanned along the edge of the Brillouin zone, which represents the irreducible values of the propagation vectors in the lattice. All other propagation vectors are comprised of these vectors. For each value of the propagation vector on the Brillouin zone, the eigenvalue corresponding to a frequency of propagation is determined. Typical results are shown in Fig. 2 , in which a sizable bandgap is created. The specific values of the Brillouin zone analyzed for a square lattice are shown along the axis of Fig. 2 .
B. Full-Wave Solution
As a means to determine the amount of propagation through the material, a finite element full wave simulation was performed utilizing Ansoft HFSS ® . This allows for the determination of the propagation through a finite lattice and a determination of the attenuation per period of the material. The extremes of the lattice were analyzed by truncating the lattice utilizing the correct boundary conditions to image the lattice horizontally to infinity. Through this means the attenuation per layer in each direction (0 and 45 ) can be determined.
C. Comparison of Analytical Versus Finite Element Solutions
A comparison of the analytical dispersion diagram and the full wave finite element solution is shown in Fig. 3 . Of note is the correspondence in the edges of the null in transmission with the edges of the bandgap region. They agree to within less than 0.5%.
A square lattice which corresponds to the dimensions of the structure fabricated (discussed in Section V) has the dispersion diagram shown in Fig. 2 . The radius of the inclusions is 440 microns and the period is 3.5 mm. The bandgap extends from 12.1 to 24.1 GHz which corresponds to a relative bandwidth of 66%. Because of the use of high-dielectric material, the bandstop region is wider for the duroid/ titania material than for an equivalent air/alumina composite. A scan of different periods was used to find the optimal spacing for a given diameter inclusion for both the duroid/ titania and the air/alumina material systems. The overall bandwidth of the duroid/ titania systems is greater by 100% than the air/alumina material systems. Additionally the attenuation per period is greater by 200% in the 0 direction and 37% in the 45 direction.
III. DEFECT RESONATOR AND LOSS CHARACTERIZATION
As stated previously a defect resonance can be created by disturbing an element in the otherwise periodic structure. The disturbance utilized in this study is the removal of a central element. The full schematic of the resonator created is illustrated in Fig. 1 . The resonator was coupled to utilizing a coaxial connector probing into the parallel plate. The probe utilizes its magnetic field to couple into the substrate. The amount of coupling into the substrate is controlled by the location of the probe in relation to the resonator. The magnitude of the electric and magnetic field distribution of the field inside the cavity is shown in Fig. 4 . The magnetic field circulating the rods surrounding the resonator will couple to the fields circulating the centerpin of the coax as shown in the vector magnetic field plot in Fig. 5 . By placing the probe one period away from the defect resonator, the external is intentionally increased (representing decreased external coupling) because the magnetic field is weaker in this region. Reducing the external coupling allows for the proper verification of the unloaded of the resonator, since in the limit of weak coupling the unloaded approaches the loaded . The need to weakly couple to the resonator can quantitatively be seen from the equation relating loaded and unloaded (1.6) Though the unloaded could be ascertained by any level of coupling, weak coupling is needed to reduce the sensitivity of the measurement on the amplitude of . There are three loss mechanisms which control the of the resonator [3] , which are the dielectric loss, the parallel plate loss, and the leakage loss (quantified by , , and ). In terms of these three loss mechanisms the unloaded is given as (1.7)
These individual factors were analyzed to determine an analytical expression for the of the resonator and to isolate the resonator's limiting factor.
The first loss mechanism is the dielectric loss. This is quantified by the formula for of the dielectric (1.8)
where is the relative amount of energy in the dielectric inclusions compared to the host material. and are the loss tangents of the inclusions and the host, respectively. This coefficient can be derived from the field solution given by the full-wave simulation of the resonator through a calculation of the amount of energy in the host dielectric relative to the inclusions. Alternatively, the coefficient can be determined by eliminating all but one of the dielectric loss mechanisms. The unloaded from this simulation is directly related to the coefficient from (1.9). The second form of loss is the metal loss in the parallel plate. This is quantified by the standard equation for the of a parallel plate transmission line (1.10) where , , , and . This is independent of the type of material creating the resonance in the parallel plate as long as the material is only 2-D inhomogeneous and does not vary in the direction.
The third form of loss in the resonator is the leakage loss. The leakage loss, which determines , is a factor of the amount of field escaping the finite number of periods of the lattice surrounding the defect region. Therefore, the is raised with a greater amount of attenuation per layer and increased number of periods. As stated, the attenuation per layer is greater for this material combination than for the air/alumina structure. The larger contrast between the dielectric constants of Duroid and Titania means that there is larger reflection from each of the posts. This translates into more attenuation into the periodic lattice. In general, the greater the dielectric contrast, the wider the bandgap and the more attenuation within the bandgap [4] . Therefore, for a given number of layers the is greater for the duroid/titania system. This is quantitatively shown in Fig. 6 . The duroid/titania system contains the energy sufficiently with only two periods as opposed to the air/alumina system which needs four periods to get a negligible . Therefore, a fewer number of rods are needed surrounding the defect and the overall size of the structure is smaller.
Utilizing the understanding gained by separating the individual loss mechanisms, we can write an analytical formula for the unloaded of the resonator. The overall is determined by (1.11) This equation assumes that the substrate is created large enough that the leakage can be ignored, which is a reasonable approximation for a lattice with two or more rods surrounding the defect resonator. Adding has an effect of less than 2% on the unloaded and, therefore, is left out of (1.11).
A breakdown of the losses for different height substrates is graphically shown in Fig. 7 . As can be seen from the plot, the parallel plate is the limiting loss factor for thin substrates. As the height is increased, the dielectric loss is the limiting factor. For this structure, the limiting factor is the loss in the Duroid. The loss specified for Duroid 5880 by Rogers Corporation is 0.0009 at 10 GHz. [7] Higher frequency data could not be found in the literature and so the exact loss tangent at 20 GHz is unknown and, therefore, approximated to still be 0.0009. As seen in Fig. 7 , as the parallel plate becomes thicker, the unloaded asymptotes to the value of the of the dielectric host. The overall of the resonator could be greatly improved if a lower loss polymer were to be used.
IV. FABRICATION
The most difficult aspect of fabricating the EBG material is the creation of relatively small rods of high-dielectric low-loss material. Our choice for a low-loss high-dielectric material is titania. In addition, a challenge is presented in making the dielectric rods uniform in size. The uniformity and consistency is critical for use at high frequencies. To create the Titania rods, we employed an extrusion technique. This technique is able to create quite accurate and repeatable, yet thin rods of ceramic. The rods are created starting from powder. The Titania powder is first mixed with a thermoplastic in a heated, high-shear mixer. The mixture is then extruded through a die having a 1 mm hole. The thermoplastic compound is mixed with a recipe such that the rod will not deform during extrusion. Specific shapes can be created if different shape dies are used, but circular rods were chosen for their simplicity. The element shape was found to have only incremental effect on the bandgap response as shown in Fig. 8 , which is a comparison of square rods and circular rods of equivalent cross-sectional area. The shape of the inclusion is concluded to have only a marginal effect on the bandgap.
The rods were then heat treated with a burnout cycle up to 1000 in which the thermoplastic is removed. A sintering cycle up to 1400 held for 4 h is used to further densify the rods. The sintering schedule is chosen to intentionally create rods that are less than 100% dense. According to recent reports [8] , less dense titania rods have a lower loss tangent ( ) than the often published value ( ) [9] . The rods shrink by 12% due to the removal of the thermoplastic and the densification of the ceramic. This amount of shrinkage correlates to a density of , which corresponds to a dielectric constant of , which was the value used in simulation. The variance between each of the rods is less than . A visual close up of a representative rod is shown in Fig. 9. Fig. 9 , which shows 4 different views of a rod, illustrates the precise cross section of the relatively small rods and the straight sidewalls achieved by the extrusion process. Both of these factors are essential in realizing a resonator at high frequencies such as the 21 GHz resonator in this application. Any distortion in the extrusion, burnout, or sintering stage would render the rods unuseful.
The Duroid is then machined with the square pattern of a period of 3.5 mm by 3.5 mm using a CNC milling machine and the sectioned titania rods are inserted into the substrate. The substrate complete with the titania inclusions is then ground to create a smooth continuous surface at the top of the substrate. Holes are then milled into the substrate and parallel plate for the coaxial probe. The theoretical unloaded of the resonator created by the titania inclusions ( as implemented) is greater than the equivalent theoretical unloaded for the same height substrate for metal periodic posts. A similarly designed X-band metallo-dielectric resonator was originally shown with a of 750 [3] and was later improved to 842 [10] . The increase in the present design is due to the use of low-loss high-dielectric material to localize the energy rather than conductive posts. In short, the loss from a reflective surface created by periodic dielectrics is less than the conductive loss from reflective metallic posts or vias, which translates itself to a higher when used in a resonator. The overall dielectric of the current resonator design (including both the highand the host material) is increased to a value even greater than the of the host material itself, because a partial amount of the field ( ) is stored inside the lower-loss titania. This leads to a theoretical unloaded-value greater than metallo-dielectric implementations.
The size of the formed resonator is 21 mm 21 mm 2.7 mm with three rows surrounding it in order to minimize the leakage loss from connectors. However the effective size of the resonator is actually 14 mm 14 mm 2.7 mm, since only two rows are needed to contain the energy as verified by simulations. As a comparison, a reduced height waveguide resonator filled with the same host Duroid material having a similar and resonant frequency is 7.5 mm 7.5 mm 6 mm large. The size of the bandgap resonator is bigger because we used two rows of titania rods to form the bandgap structure. The bandgap structure eliminates such negative effects as higher order modes from which waveguide resonators usually suffer. Also, the frequency selectivity of the substrate, such as the fact that it has effective medium properties at lower frequencies, indicates its utility as multifunctional substrates. For example, at low frequencies, the periodic substrate would have an average dielectric constant which could be used as the host for a patch antenna, while still being used as a filter at a higher frequency within the bandgap utilizing the resonant defect mode. These more advanced designs are currently an active topic of research for our group.
The creation of a wide bandgap material allows for a wider range of spurious free operation. There is only one resonant mode within the bandgap and, therefore, the wider the bandgap, the wider the spurious free region. Outside of the bandgap, energy will propagate through the periodic lattice and unwanted coupling will be created. Therefore, it is best to create as wide a bandgap as possible, which necessitates the use of a large reflection at each inclusion. This requires the use of a high-material such as titania.
V. SIMULATED VERSUS MEASURED RESULTS
The structure illustrated in Fig. 1 was fabricated using the extruded titania rods and simulated using Ansoft HFSS ® . Fig. 10 shows the measured and simulation responses. The defect resonant frequency matches to within 1.52%. The measured resonant frequency is 20.41 GHz while the simulated resonance is at 20.10 GHz. In the simulation a change of titania's dielectric constant from 90-80 increases the resonant frequency by only 0.2%. Therefore, the 0.31 GHz frequency shift is suspected to be due to an air gap between the copper plates and the substrate. The structure was measured by placing the substrate between two metal plates. The parallel plate was not directly attached to the materials as no bonding mechanism was used, but mechanical pressure was applied to ensure contact between the substrate and the parallel plates. This is an added benefit of this resonator, in that there does not need to be a physical connection (such as the soldering of vias needed to form a metallic cavity) between the metal plates and the substrate, just physical contact. The substrate was ground flat such that there was a uniform contact surface for all portions of the substrate. After measurements, further inspection of the substrate shows the titania rods are a little bit higher than the host substrate thickness thus there is an air gap between the copper plate and substrate. To show the effect of the gap, the height between the host and the parallel plates was varied in simulations while the titania rods were assumed to be flush against the metal plates. A simulation with a 60-m gap fit the measured resonant frequency and measured shape of the resonance nearly exactly (Fig. 11) . The measured unloaded for the resonator is 760 which is 72.3% of the simulated and theoretically derived values of 1050 and 1010, respectively. The difference is most likely due to the a degraded dielectric host loss tangent at the resonant frequency (as a reminder, our simulation and theory have assumed the dielectric loss tangent to be the same value as the manufacturer's published data at 10 GHz) or a degradation in loss tangent caused by localized heating of the polymer due to the grinding of the substrate. Also, small gaps between the periodic rods and the metal plates will allow a small amount of energy to leak from the resonator, slightly lowering the unloaded .
The full bandgap width matches the theoretical value as determined by the plane wave expansion shown in Fig. 2 . The simulation shows that the coupling between the two probes in the parallel plate are reduced below 30 dB throughout the bandgap reducing to below 60 dB in the center of the gap, as shown in the wide frequency plot in the bottom of Fig. 10 . There is a noticeable increase in coupling between the probes outside the bandgap frequency range (12.1 to 24.1 GHz). The coupling rises to above 20 dB outside the bandgap. The measured results also show the same reduction of coupling in the full bandgap frequency range, limiting coupling between the probes below 30 dB throughout. However, the most noticeable discrepancy in the measured and simulated response for the attenuation in the bandgap is the depth of the null at the higher end of the bandgap.
The measured response does not dip to below 60 dB as does the simulation. This discrepancy is interpreted as a small, yet tangible amount of energy leaking through the periodic substrate. This could be also be caused by the gaps in the parallel plate and the substrate.
VI. CONCLUSION
To summarize, a high frequency periodic structure was created utilizing titania inclusions in a duroid host. The Titania rods were created using an extrusion process which creates accurate thin rods of low-loss ceramic. The high-dielectric is then embedded inside a low-loss polymer, the commercially available duroid 5880. The bandwidth of the resulting bandgap is wider than previously published 2-D bandgaps. A defect resonator utilizing the material was simulated and measurements had agreeable correlation. An unloaded of 760 was measured. The individual loss parameters affecting the resonator were examined and an analytical formula for the of the resonator was determined. The loss in the host medium was by far the most prevalent loss factor. The resonator will be utilized to create high-filters in future work. The practical design of a composite substrate showing superior bandgap performance using a novel manufacturing technique was verified.
